Laminar nitrogen flow expanding through a conical nozzle into high vacuum is numerically reproduced and compared to available experimental data. As the gas density varies quickly by several orders of magnitude, leading to high rarefaction and thermal non-equilibrium, standard (continuum) CFD tools are not sufficient to accurately model the expanding flow. In the work presented here, the efficiency of Navier-Stokes solvers is to be exploited where applicable, supplying the boundary conditions for a kinetic Direct Simulation Monte Carlo (DSMC) solver to handle the domain of rarefaction and non-equilibrium. The hypersonic character of the flow suggests to attempt a pure downstream coupling. The validity of this approach is to be verified.
Introduction
The experimental investigation of small satellite thruster plumes is an important area of research in the Spacecraft Section of the DLR Institute of Aerodynamics and Flow Technology, and the unique DLR High-Vacuum Plume Test Facility (STG) allows for investigation of plume expansion under space-like conditions. STG is a large cryopumped vacuum chamber of about 10 m 3 expansion volume that is capable of maintaining a background pressure of p b < 10 −8 bar while the thruster is in operation. Suitable numerical methods to support the experiments are however not readily available, as the common Navier-Stokes solvers may only be applied to the dense, near-isentropic core of the flow, while the non-equilibrium regime of the plume expansion has to be treated by kinetic methods such as Direct Simulation Monte Carlo (DSMC). Solving the whole of the nozzle flow with the DSMC method is however prohibitively inefficient.
In order to support and complement the experimental investigation of thruster plumes in the STG, possible ways of combining the DLR's own continuum flow solver TAU [1] with a particle method [2] are to be investigated. To this aim, a well documented reference case of pure nitrogen gas expanding through a conical thruster nozzle into high vacuum is selected to be numerically reproduced and compared to measurements.
To obtain a solution of the whole nozzle flow field, the efficiency of the continuum solver is to be exploited where applicable, supplying the boundary conditions for the kinetic solver. The hypersonic character of the flow suggests to attempt a pure downstream coupling. The validity of this approach is to be verified.
Nozzle Expansion
Gas flow expanding from a reservoir into a high vacuum is characterized by a hypersonic radial expansion from the exit plane. Figure 1 schematically shows the main features of such a flow. The gas is assumed to be nearly at rest at the nozzle reservoir at a pressure p 0 and temperature T 0 . The rapid expansion downstream the nozzle throat and hence the decrease in density also decreases the number of intermolecular collisions, thus hindering instant energy exchange among the molecules and leading to thermal non-equilibrium. The rarefaction and the subsequent establishment of non-equilibrium lead to a breakdown of the continuum assumption as the gas continues to expand. When T 0 is of similar order or less than the temperature of the nozzle wall, the effective flow heating leads to the formation of thick boundary layers with strong gradients that may again be responsible for the formation of thermal non-equilibrium, and thus are subject to treatment by a kinetic approach.
Numerical Methods and Problem Approach
It is well known that the conservation equations of mass, momentum and energy in a small spatial fluid element can be derived macroscopically by assuming the gas to be sufficiently dense to be approximated as a continuum, or microscopically from the
